Using a high-affinity phosphate transporter gene of Arabidopsis thaliana, PHT1, as a probe, three Arabidopsis homologs were isolated, named PHT4, PHT5 and PHT6, in addition to the previously isolated PHT2 and PHT3. The amino acid sequences deduced from the three nucleotides were 32-42% homologous with microbial phosphate transporters of Saccharomyces cerevisiae (PHO84), Neurospora crassa (PHO-5) and Glomus versiforme (GvPT). PHT1, PHT2, PETS and PHT6 were clustered in a 25-kbp region of chromosome V. PHT1 and PHT4 transcripts were detected in roots. Interestingly, suspension-cultured cells expressed only PHT4-PHT4 and PHT5 located within a genetic distance of 6.4 cM on chromosome II, and were close to a phosphate accumulation mutant pho2. Genomic sequencing revealed no difference in the sequences of the two genes in both pho2 and wild-type. The PHT4 transcript was expressed at similar levels in the mutant and wild-type. These results demonstrate that neither PHT4 nor PHT5 is allelic to PH02.
Introduction
Plants take up the macronutrient phosphate from the soil solution by multiple mechanisms that produce enormous variability in phosphate concentrations (fiM to mM). The mechanism that depletes phosphate with Km values in the /xM range, referred as a high-affinity phosphate uptake systems, is important for plant growth since the concentration of soluble phosphate in the soil is often no greater than 10 /xM. 1 A low-affinity system with apparent Km values in the mM range is also found in many plant species. In the yeast Saccharomyces cerevisiae, two phosphate uptake systems similar to the plant mechanisms have been investigated. Using yeast mutants that are deficient in phosphate absorption in the fiM range, the high-affinity phosphate transporter gene PHO84 was isolated. 2 Recently, plant homologs to the yeast PHO84 were identified in the expressed sequence tag (EST) database and then used for isolation of cDNA clones from various plant species such as potato, 3 Catharanthus roseus, 4 tomato 5 ' 6 and Medicago truncatula. 7 From Arabidopsis thaliana, four research groups isolated four distinct phosphate transporter homologs: AtPTl and AtPT2f APT1 and APT2; 9 PHT1, PHT2 and Communicated by Satoshi Tabata * To whom correspondence should be addressed. Tel. +81-298-58-6235, Fax. +81-298-58-6191, E-mail: GAC02367@nifty. ne.jp t The DDBJ/EMBL/GenBank accession numbers for the nucleotide sequence reported in this paper are AB016166, AB000093, AB005746, AB017193.
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; 10 ' 11 and AtPT4. 12 Although these genes are designated differently by each group, AtPTl is identical to APT2 and PHT1, APT1 is identical to PHT2, AtPT4 is identical to PHT3, and AtPT2 is identical to PHT4. All genes examined are expressed primarily in roots. Slight expression of APT2 is seen in leaves. 9 Two Arabidopsis mutants, phol and pho2, are related to phosphate metabolism, phol is suggested to produce a protein whose activity is deficient in loading phosphate into the xylem. 13 It is likely that the pho2 mutation affects a function normally involved in regulating the concentration of phosphate in shoots. 14 These mutations might be due to a phosphate transporter in root or shoot cells. Mitsukawa et al. 10 indicated that neither phol or pho2 was allelic with PHT1. However, such a possibility has not been explored for other Arabidopsis phosphate transporter homologs.
Here we comprehensively screened the A. thaliana genome and isolated six phosphate transporter homologs including previously identified genes PHT1, PHT2 and PHT3. PHT1 and PHT4 were expressed under normal plant growth conditions, while no expression of other homologs was detected under conditions of plant growth we examined. Interestingly, suspension-cultured cells expressed only PHT4-Chromosomal mapping of these homologs and sequence analysis indicated that none of these homologs were allelic with phol or pho2. 16 containing 2% sucrose, 1 mg/ml 2,4-dichlorophenoxyacetic acid, 0.5 mg/ml 6-benzylaminopurine, pH 5.7). One-third of the stationary phase cells were transferred to new medium every 2 weeks.
Materials and Methods

Phosphate
Genomic Southern analysis
Twenty seeds sterilized with 2% sodium hydrochloride solution for 8 min were germinated in 100 ml of MS medium 17 and grown with gentle shaking (90 rpm) for 6 weeks under constant light conditions at 25 °C. Genomic DNA was extracted by the urea-SDS method, 18 digested with BamUl, EcoRl, Hindlll or Dra I, and run on a 0.7% agarose gel. The DNA fragments in the gel were blotted onto a nylon membrane Hybond-N+ (Amersham). The Sac l-Xho I fragment of the pPHTlCrep 10 was labeled with [ 32 P]dCTP using the BcaBest labeling kit (Takara, Kyoto) according to the supplier's protocol. The blot was hybridized with the probe in 5 x SSC (1 x SSC = 150 mM NaCl, 15 mM sodium citrate), 0.1% sodium N-lauroylsarcosine, 0.1% SDS and 0.75% Blocking Reagent (Boehringer Mannheim) at 55 °C overnight. For low stringent hybridization, the blot was washed at 42 °C with 0.2 x SSC, 0.1% SDS for 1 hr, and exposed to an imaging plate. The location of the labeled compounds was visualized using a Bio-Image analyzer BAS2000 (Fuji Film Co. Ltd., Tokyo). Subsequently, high stringent hybridization was carried out at 65 °C with 0.1 x SSC, 0.1% SDS for 1 hr, and the hybridization pattern was visualized by the analyzer.
Gene isolation
A small probe that is specific to the phosphate transporter family was prepared as follows; a region of PHT1 (nucleotide 838-1090, the first position +1 is defined at the adenine of the initiation codon) was amplified from the genomic DNA by PCR 19 using the following primers;
5'-AAAGCTTCAAAACTATGGCTTGTTCTC-3' 5'-ACTGCAGAACTGTGAACCAGTACCCTG-3'
The PCR reaction was carried out with 30 cycles of 94 °C for 1 min, 55 °C for 1 min, and 72 °C for 1 min using 25 ng genomic DNA as a template. The amplified fragment was digested with both Hindlll and Pst I and introduced into the Hindlll and Pst I sites of the pBluescript II SK+ vector (Stratagene). The fragment was labeled with [ 32 P]dCTP and used for screening a genomic DNA library that was prepared using the AZAPII vector from A. thaliana (Columbia ecotype) (Stratagene). The lowstringent screening was carried out under the conditions used for Southern hybridization (see above). Eleven positive lambda clones were isolated and subjected to in vivo excision of plasmids according to the supplier's protocol. These contained genomic clones for PHT1, PHT2, PHT3, PHT4 and a pseudogene.
As a genomic clone pGZ7 contained only part of PHT4, the library was screened again using the EcoRI-Xho I fragment of pGZ7 under high stringent conditions (0.1 x SSC, 0.1% SDS, 65 °C). Three clones, pGZ15, pGZ17 and pGZ20, were isolated. pGZ20 was analyzed further.
The full-length cDNA clone of PHT1 was also used for screening the library under low-stringent conditions (0.2 x SSC, 0.1% SDS, 42 °C). Ten positive clones were isolated. In addition to clones for PHT1, PHT2 and PHT3, a clone pGZ32 contained PHT5.
The PI genomic DNA library prepared by Liu et al. 20 was screened with the full-length cDNA of PHT1 as a probe under the conditions 0.1 x SSC, 0.1% SDS, 65 °C. Out of 10,000 PI clones, one clone (MWF20) was obtained. The DNA of the PI clone was digested with BamHl or Pst I and subcloned into the BamHl or Pst I site of pBluescript II SK+ for sequencing. The PI genomic library was also screened with either the EcoKlXho I fragment of pGZ7 (PHT4) or the Hindlll-Kpn I fragment of pGZ32 (PHT5). Two clones, MUB1 (PHT4) and MVF20 (PHT5), were isolated and used for chromosomal mapping of PHT4 and PHT5. cDNA clones were isolated from a library prepared from whole plants of A. thaliana (Columbia ecotype) (Stratagene) using the full-length cDNA clone of PHT1 as a probe under low-stringent conditions (1 x SSC, 0.1% SDS, 42 °C).
The sequencing reaction was done using universal primers or synthesized primers and a kit of PE Applied Biosystems according to the supplier's protocol. The reaction mixture was analyzed with a sequencer the model 373A of PE Applied Biosystems. Sequences were analyzed using a computer program, Mac Vector (Kodak).
2.4-Direct sequencing of the pho2 genome sequence
The genomic DNA was isolated from the pho2 mutant 14 by the urea-SDS method as described by Liu et al., 18 and used for PCR amplification of genomic DNA fragments using the following primers:
The PCR reaction was done with 30 cycles of 94 °C for 1 min, 55 °C for 1 min, and 72 °C for 1 min. The amplified DNA fragments were subjected to 1% agarose gel electrophoresis and purified from the gel using the QI-AEX II Gel Extraction kit (QIAGEN). The isolated fragments were used for direct sequencing using the primers that were used for the PCR amplification.
Northern analysis
The Columbia ecotype of A. thaliana was grown in a greenhouse at 20 °C under 18 hr of illumination daily for 6 weeks. The above-ground tissues of the plants, rosette leaves, cauline leaves, stems, buds and flowers were excised for preparation of total RNA. The plant was also grown hyponetically using 1/2MS medium 17 under constant light conditions at 25 °C for 6 weeks. Plants roots were excised and used for RNA preparation. Total RNA was prepared from plant tissues by the guanidinium thiocyanate method. 21 The RNA samples were denatured with formaldehyde and heat shock at 65 °C for 10 min, run on a 1% agarose gel as described, 21 and blotted onto a nylon membrane Hybond-N. A DNA probe was prepared from the EcoRl-Xho I fragment of a PHTl clone, P PHT1C19. A PHT4 probe was prepared from a PHT4 clone, pGZ20, using the following PCR primers:
A PHT5 probe was prepared from a PHT5 clone, pGZ32, using the following primers by PCR:
These fragments were labeled with [ 32 P]dCTP using the BcaBest labeling kit. Hybridization was done under conditions of 0.1 x SSC, 0.1% SDS, 65 °C.
Chromosomal mapping
Genomic DNA of 100 lines of the recombinant inbred lines prepared by Lister and Dean 15 were prepared as described, 18 and digested with BamHI, Dra I, EcoRI, EcoRV or Hindlll. Southern blotting was conducted as described. 10 Linkage analysis was done with the MapMaker program. 
Results and Discussion
Isolation of Arabidopsis phosphate transporter
genes Genomic Southern analysis reveales a multigene phosphate transporter family in the A. thaliana genome. Genomic DNA of two ecotypes, Columbia and Landsberg erecta, were digested with a restriction enzyme (BamHI, Dral, EcoRl, EcoRV or Hindlll) and subjected to the Southern hybridization with the full-length cDNA of PHTl as a probe under low-stringent conditions (Fig. 1A) , and subsequently the blot was washed under high-stringent conditions (Fig. IB) . The bands that remained on the blot after the high-stringent washing were assigned as those of PHTl, PHT2 or PHT3 as described previously. 11 Comparison of the bands before and after the washing demonstrates that there are several homologous genes in the genome besides PHTl, PHT2 and PHT3. Tomato 5 and Medicago truncatula 7 also represented a small multigene family in their genomes.
Under low-stringent hybridization conditions, we screened a genomic DNA library of Columbia ecotype and isolated three homologs and a pseudogene in addition to PHTl, PHT2 and PHT3. First, a short DNA probe (251 bp) was prepared from a region conserved among bacterial and plant phosphate transporters, that corresponds to Lys 279 -Val 363 of PHTl. A genomic DNA library made with a lambda vector, AZAPII, was screened with the probe under low-stringent conditions. Out of 3 x 10 5 genomic clones, whose total length of inserted genomic DNA fragments represented about five haploid genomic equivalents of the plant if the average sizes of the insertions are assumed to be 3 kbp, 11 positive clones were isolated. These clones were analyzed by physical mapping and classified into five groups. Sequencing analysis demonstrated that these groups contained PHTl, PHT2, PHT3 and unidentified genes, designated PHT4, and a pseudogene (ipPHT, DDBJ/EMBL/BenBank accession number AB017193). The pseudogene fragment shared homology with nucleotides 833-1547 of PHTl that corresponds to Lys 279 -Glu 516 of the protein, but had an in-frame stop codon and two frame shifts in this region. As the survey isolated only part of PHT4, we screened the library again, and found three clones. Physical mapping and sequencing showed that clone pGZ20 contained the entire region of the gene. Secondly, we screened the DNA library using the full-length cDNA of PHTl as a probe under low-stringent conditions. Although many false-positive clones were isolated, physical mapping and sequencing identified a gene, designated PHT5, besides previously identified genes.
During analysis of the gene cluster of PHTl, PHT2 and PHT3 on a PI genomic clone, 11 we also identified a new gene in the clone that hybridized very weakly to the PHTl probe, and designated it as PHT6.
To survey the A. thaliana genome comprehensively for the phosphate transporter family, we also screened another genomic DNA library. As the genomic DNA AZAPII library used was prepared by subcloning genomic DNA fragments into the EcoRl site of the vector, and the vector system clones only DNA fragments smaller than 7 kbp, it might be possible that some genomic DNA fragments could not be included in the genomic DNA library. Indeed, PHT6 was not isolated in the AZAPII library because there is no EcoBl site in the region of 15 kbp that contains the gene. Therefore, we screened another genomic DNA library made using a BAC vector we developed (unpublished data) which carried Columbia genomic DNA fragments of about 80 kbp. Out of the 10,000 clones that were equivalent to eight haploid genomes of the plant, 7 clones were isolated. Physical mapping and Southern hybridization indicated that all of the clones were assigned to the six genes and the pseudogene, indicating that we identified comprehensively the phosphate transporter genes of the Columbia genome.
The coding sequence of PHT4 was identical to that of AtPT2 cDNA isolated by Muchhal et al. 8 PHT3 is identical to AtPT4 isolated by Lu et al. 12 After submission of the nucleotide sequence of PHT5 to the DDBJ, the same sequence was released recently from the genomic sequencing project of chromosome II. The sequence lo- cates in a BAC clone T21L14 (GenBank accession number AC003033).
Isolation of phosphate transporter cDNAs from A.
thaliana We screened a cDNA library prepared from the whole plant of A. thaliana, and isolated cDNA clones for the phosphate transporter family. From the cDNA library 16 independent clones were isolated using PHT1 as a probe under low-stringent conditions. Sequencing analysis of these clones indicated that they were for either PHT1 (10 clones) or PET4 (6 clones), and included fulllength clones for both genes. The results also indicate that other genes are expressed at low levels or no expression at all in the whole plants used for the library preparation. Our previous study showed that PHT1 had the first intron in the 5' non-translated region and the second in the coding region. 10 A comparison of the genomic and cDNA sequences showed that PHT4 had an intron in the 5' non-translated region, but not in the coding region (Fig. 2A) . Figure 2A depicts the structures of these six phosphate transporter genes. The location of PHT6 near the gene cluster in the genomic PI clone MWF20 is also shown in Fig. 2B . Although we could not have evidence for expression of other four genes (see below), PHT2, PHT3 and PHT5 represent putative intron structures in their coding region. The location of an intron in PHT2 and PETS was identical to that of the second intron of PHT1. It remains unclear whether the 5' non-coding sequence of PHT2 or PETS has an intron as similar to the first intron of PHT1, although the two genes have putative intron/exon junction sequences in the 5' non-coding regions, and have slightly A/T rich nucleotides between the intron/exon junction sequences, that are characteristics of Arabidopsis intron sequences.
Gene structures of phosphate transporters
23 PHT5 had two intron structures whose location differed from either PHT2 or PHT3. No intron structure was predicted in PHT6.
3.4-Amino acid sequences of phosphate transporters
Amino acid sequences of Arabidopsis phosphate transporter homologs were aligned and compared with the amino acid residues that are conserved among the phosphate transporters PHO84 of S. cerevisiae, 2 PHO-5 of Neurospora crassa, 24 GvPT of Glomus versiforme, 25 PHT1, 10 StPTl and StPT2 of potato, 3 MtPTl of M. truncatula, 7 PIP1 of C. roseus 4 (Fig. 3) . The conserved amino acid residues were found in PHT2, PHT3 and PHT4 as well as in other plant homologs, MtPT2 of M. truncatula 7 Figure 3 . Alignment of amino acid sequences of the phosphate transporter family of A. thaliana. Conserved amino acid residues among the six members are shown by shading. The amino acid residues that are conserved among phosphate transporters PHO84 of S. cerevisiae, 2 PHO-5 of TV. crassa, 24 GvPT of G. versiforme, 25 PHTl of A. thaliana, 10 StPTl and StPT2 of potato, 3 MtPTl of M. truncatula, 7 PIP1 of C. roseus* are shown by asterisks. The nucleotide sequence data reported in this paper will appear in the DDBJ, EMBL and GenBank nucleotide sequence databases under accession numbers AB016166 (PHT4), AB000093 (PHT5), and AB005746 (PHT6).
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We calculated the relatedness of members of the plant phosphate transporter family using the CLUSTAL W 26 computer program (Fig. 4) . All of the new members identified in this study were included in the phosphate transporter family including yeast, N. crassa and G. versiforme that is distinct from the other solute transporter superfamily.
9 PHT6 is rather far from other members of A. thaliana. In the amino acid sequence level, PHTl was 98.9% identical to PHT2, 93.3% to PHT3, 75.0% to PHT4, 72.8% to PHT5 and 65.2% to PHT6.
Expression of Arabidopsis phosphate transporter
genes Expression of the phosphate transporter genes were examined using total RNA of A. thaliana (Columbia ecotype) (Fig. 5) . RNA was prepared from rosette leaves, ca uline leaves, stems, buds and flowers of 6-week-old plants grown in soil. The plant was also grown hydroponically for 4 weeks for preparation of RNA from r o o ts. Northern analysis was done using gene-specific probes (see Materials and Methods). For detection of either PHTl or PHT2 transcripts, we used only the PHTl probe as the identity of these nucleotides was so high that they could not be distinguished by hybridization. The PHTl probe detected a strong signal in roots but not in 
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other tissues. Most of the signal may be attributable to PHT1, because we isolated only cDNA clones for PHT1 and PHT4, but not for PHT2 from the cDNA library we screened (see above), and found only clones for PHT1 and PHT4 in the EST database of A. thaliana that has been constructed from cDNA clones of various tissue sources. Smith et al. 9 distinguished the expression of APT1 (= PHT2) and APT2 (= PHT1) by RT-PCR, and showed high yields of both APT1 and APT2 RT-PCR amplification products were obtained from phosphatedeprived roots and low yields from phosphate-supplied roots, while no products were obtained from RNA derived from flowers or siliques. PHT4 was also expressed in roots, but not in other tissues. Muchhal et al. 8 showed that AtPTl (= PHT1) and AtPT2 (= PHT4) were expressed actively in roots. No expression of PHT3 and PHT5 was detected in this study.
Interestingly, PHT4 was expressed highly at the stationary phase of suspension-cultured cells, while PHT1 transcript was not detected in the cells (Fig. 5) , indicating that both genes are regulated differently in each cell type. As suspension-cultured cells of various plant species have been used for understanding phosphate uptake mechanisms, this finding of PHT4 expression would be useful for further analysis of phosphate transporter functions in cultured cells.
Although our Northern blot experiments using total RNA did not detect transcripts for PHT3, and PHT5, they are unlikely to be pseudogenes, because no aberrant sequences such as those caused by deletion, addition or frameshift were found in their sequences that have been evolved during a quite long time period shown in the phylogenetic tree of these members (Fig. 4) . It is possible that these genes are expressed at low levels that could not be detected by Northern analysis under the present conditions or they are induced under stress conditions that we did not examine.
Mapping of the phosphate transporter genes
We mapped the phosphate transporter genes on the genome using the 100 RI lines between ecotypes Columbia and Landsberg erecta prepared by Lister and Dean 15 (Fig. 6) . The cluster oiPHTl, PHT2, PHT3 and PHT6 located between two RFLP markers, mil94 and mi83 27 on chromosome V. Smith et al. 9 also reported the location of APT1 (= PHT2) between markers g4028 and m435, which is consistent with our data. Recently, the genome sequencing project of chromosome V at the Kazusa DNA Research Institute (Japan) released a set of contig clones covering the chromosome. 28 The location of the PI clone MWF20 that carries the four homologs in the contig agrees with that mapped in this study. As the genomic clone carrying PHT4 showed no RFLP for restriction enzymes used, we isolated a PI clone carrying the gene and used it for mapping. The result indicated that PHT4 was located 0.6±l cM from the marker g4514 on chromosome II, and PUT5 also was located 7.0 ±3 cM from the same marker on chromosome II (Fig. 6) Figure 6 . Mapping of the phosphate transporter genes on the A. thaliana chromosomes. PHT1, PHT2, PHT3 and PHT6 cluster in a 25-kbp region of chromosome V. The orientation of the gene cluster on the map is unknown. The map positions of PHT4 and PHT5 were determined using the PI clones MVF20 and MUB1, respectively.
3.1.
Relationship with the pho2 mutation of A. thaliana As it is reported that a phosphate accumulation mutant pho2 is closely linked to the CAPS marker m429 (no recombination with g4514) with 1 recombination out of 32 F2 plants, 14 the close map position of PHT4 or PHT5 to pho2 led us check the possibility that PH02 is either PHT4 or PHT5. We sequenced directly the genome DNA fragments of these two genes that were amplified from the genome of the pho2 plant by PCR. However, no difference was found in these sequences that contained their coding and non-coding regions. Northern analysis of pho2 and wild-type plants indicated that PHT4 was expressed at identical levels (data not shown). The expression of PHT5 was not detected in both pho2 and wild-type. These results indicate that PH02 is neither PHT4 nor PHT5.
